The aim of this paper is to explore the possible benefits brought by the use of active control of the airspring secondary suspension for high speed railway vehicles; in this regard, active control is applied to reduce the vertical and pitch carbody oscillations in the low frequency range, according to the concept of skyhook damping. A concept is developed for the active airspring suspension, and a numerical model is derived for the vehicle equipped with the active suspension. The results obtained show that the use of active suspension control offers an important improvement of ride quality, by far larger than that achievable with semi-active suspensions. On the other hand, the issue of air consumption is outlined as a critical point of the proposed concept, requiring further research.
Introduction
In the last twenty years there has been a growing interest in the use of active suspensions in railway vehicles, in view of their great potential benefits with respect to conventional passive suspensions.
(1) Active suspension concepts have been proposed in Japan and in Europe to enable higher service speed, without compromising ride comfort. (2, 3) The aim of this paper is to explore the possible benefits brought by the active control of the airspring secondary suspension in high speed railway vehicles. In this regard, active control is applied to reduce the vertical and pitch carbody oscillations in the low frequency range (below 2Hz), thereby improving ride comfort, which in the case of high speed vehicles is highly affected by the long wavelength components of track irregularity. The application of active control through the airspring also presents the advantage that only minor modifications are required in the design of the secondary suspension, although the use of active control has a large impact on the dimensioning of the vehicle's pneumatic circuit.
The paper first presents the active airspring suspension concept, which is obtained by the modification of the standard passive suspension. Then, a mathematical model is defined for the active suspension, and is validated by comparison with laboratory measurements performed in the Politecnico di Milano labs on the complete active suspension set-up. Finally, the performances of the active suspension are assessed by means of numerical simulations performed using a multi-body model of the entire vehicle incorporating the mathematical model of the active suspension.
Active Suspension Control
The active suspension concept considered in the paper is to operate the pneumatic secondary suspension as an active suspension, so that bounce and pitch vibrations of the carbody can be reduced. To this end, the passive levelling valve connected to the airspring reservoir is replaced by a flow regulation servo-valve (Fig. 1 For the carbody vibrations control, a sky-hook approach is adopted addressing the vertical and pitch motions separately. Thus, the carbody is ideally connected to an inertial reference in the sky through a linear damper and a torsional damper (Fig. 2 ). The airspring system is then controlled in order to supply the actions corresponding to these ideal dampers. Considering a conventional vehicle configuration with two airsprings per bogie, the control force F ASH to be applied on the front/rear suspension is:
where r zSH and r βSH are the bounce and pitch damping coefficients, z c and β c are the carbody vertical and pitch motions, p b is the bogie pitch and the sign of the second term in equation (1) depends on the position of the airspring, i.e. + for the front suspension and -for the rear one.
Design of the Active Suspension
To design the active suspension, the airspring and the reservoir are considered as a single volume, being the connecting pipe length short with respect to the pipe diameter. Moreover the airspring volume is approximated as proportional to the airspring deflection z A , and dissipations related with air viscosity and with hysteresis effects in the rubber bellow are neglected. Considering adiabatic transformations for the air inside the airspring, the equation of continuity and the equation of perfect gas lead to equation (2) :
where p A is the pressure inside the airspring, p 0 and V 0 are the initial pressure and volume respectively, k is the air specific heat ratio, R is the specific gas constant for air and G V is the mass flow rate through the servo-valve. The valve mass flow rate can be considered as a function of the valve command signal S V only, neglecting at this stage the dependence from airspring pressure and linearizing around the static condition:
being G V0 the valve mass flow rate for unit command.
The relationship between the valve flow rate and the command signal can be approximated to a linear one, accounting for the valve bandwidth, considering a first order response.
Taking the Laplace transform of eq. (2) and (3), the force applied by the airspring can be expressed as:
where τ v represents the valve time constant and A eff is the effective area of the airspring. Equation (4) and Fig. 3 show that, disregarding non-linear terms, the airspring force results from two separate contributions, the first one related to the servo-valve command and the second one due to the airspring deflection. In particular, the system composed by the airspring and the servo-valve reacts:
-to the command signal as an integrator, with a high frequency pole related to the valve bandwidth -to the airspring deflection as a pure gain, corresponding to airspring stiffness. Active airspring control can be defined either in open-loop or in closed-loop. The use of a closed-loop strategy allows to design the regulator to optimize the bandwidth of the active suspension, and/or to keep under control the amount of air consumption, e.g. using an LQO control strategy. However, when a closed-loop control strategy is adopted, the design of the regulator needs to consider that only the entire force generated by the airspring can be measured, whereas active control is meant to operate only on the damping component of this force: this requires to manage appropriately the elastic component of the airspring force, which depends on the pressure p 0 in the air volume, and hence on the preload acting on the airspring.
For this reason, the choice is made to use an open-loop control scheme: in this way, the elastic and sky-hook damping components of the airspring force are easily managed as uncoupled contributions. Additionally, an advantage is provided by the fact that, as shown by eq. (4), the airspring inherently acts as an integrator with respect to the valve command signal S V . Therefore, skyhook damping is ensured by defining the derivative of the reference control force ASHref F according to:
and the valve command signal according to:
being µ C the servovalve command gain. In this way, the measure of carbody velocity is not needed, as it is replaced by simpler carbody acceleration measurements. The skyhook damping force generated by the active servovalve control adds to the elastic force component F AK , to produce the total force generated by the spring F A , according to the block diagram of the open-loop control scheme shown in Fig. 4 . 
Mathematical Model of the vehicle with active suspension
In order to asses the effectiveness of the proposed active control system, a numerical model of the vehicle equipped with actively controlled airsprings was developed. In this section, the complete mathematical model of the airspring secondary suspension system is described. The airspring model is then validated through comparison with laboratory measurements as described in section 3.2. Finally, the model of the active pneumatic suspension is introduced in a multi-body model of the complete vehicle (described in section 3.3) which is used to perform the numerical simulations described in section 4.
Airspring Pneumatic System
The model of the airspring pneumatic system focuses on air transformations taking place in the volume defined by the air spring, the auxiliary chamber or reservoir and the connecting pipe (Fig. 1) .
The air flow in the pipe is modelled as mono-dimensional and air is considered as an uncompressible fluid. Under these assumptions, air speed in the pipe u P is governed by the following ordinary differential equation: (4, 5) 2 32 1 2
being ρ P the air density in the pipe, µ the air viscosity, L P and D P the length and diameter of the pipe. In equation (7) the pressure losses have been split in two contributions, respectively related to the friction losses along the pipe (considering laminar flow conditions), and to local losses (defined by the d conc coefficient), e.g. due to curved connections.
The airspring and the reservoir are modelled as lumped parameters systems, defined by
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being G in the net mass flow rate entering the volume V. Additionally, the assumption of adiabatic transformations for the whole pneumatic system is made:
This assumption is acceptable, since the dynamics to be investigated is fast enough to consider the absence of thermal exchange between the system and the environment. Therefore, the following equations are obtained for the description of the airspring and of the reservoir:
being G P and G V the mass flow rates through the pipe and through the servo-valve respectively. The airspring volume variation can be evaluated from the airspring deflection, neglecting the dependence on pressure of the airspring volume and assuming a linear relationship between the volume and the airspring deflection (6) :
In (14) the airspring speed of deflection A z is obtained from the MB model as function of the vehicle coordinates and of their time derivatives.
Moreover, the mass flow rate in the connecting pipe can be evaluated from the air speed:
The dynamics of the pneumatic systems is therefore completely described by the set of differential equations (7), (11) and (12), together with the algebraic relationships (13), (14) and (15).
In addition to the above equations, the mass flow rate through the servo-valve G V is evaluated according to the characteristic adopted by standard ISO 6358, discarding the temperature correction term:
where p 1 is the upstream pressure and p 2 is the downstream pressure. When the servo-valve is inflating the airspring system p 1 =p S (being p S the air pressure at the supply, considered to be constant), p 2 =p R and G V =|G V |. On the other hand, when the servo-valve is deflating the airspring system p 1 =p R , p 2 =p atm (being p atm the atmospheric pressure) and G V = -|G V |.
The valve sonic conductance is considered as a linear function of the servo-valve command, while the critical pressure ratio of the valve b V is assumed constant for the different valve operating conditions:
Once the pressure inside the airspring is known, it is possible to evaluate the airspring force, using the assumption of a constant airspring effective area:
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Validation of the Numerical Model
The model of the airspring pneumatic system was validated by means of comparison with experimental data. To reproduce the behavior of the complete actively controlled system, a full scale test bench, shown in Fig. 5 , was set-up in the laboratories of Politecnico di Milano, Department of Mechanical Engineering.
Fig. 5 Experimental test bench for tests on active secondary suspension
In the test bench, two hydraulic actuators are used to reproduce vertical loads acting on the suspension, and one lateral actuator is used to reproduce the lateral forces which may be produced e.g. by non-compensated centrifugal forces acting on the carbody. Figure 6 shows schematically the pneumatic circuit for the active suspension prototype realized on the test bench (the servo-valve positions are displayed by the two orange rectangles, the additional reservoir and pipes representing the intake circuit are drawn in blue color). To this end a system of equations (7), (11) and (12) was written for each of the two
Journal of Mechanical Systems for Transportation and Logistics
Vol. 3, No. 1, 2010 airsprings in the experimental set-up and coupled with the mechanical equations for the bolster beam, subjected to the forces applied by the actuators. An example of numerical vs experimental comparison is shown in Fig. 7 . During the considered test, the left vertical actuator displacement was kept constant, while the right actuator was controlled to give a constant force value. Fig. 7a represents the command signal applied to the servo-valve regulating air-flow in the right airspring. Fig. 7b and 7c show in solid blue line the measured vertical displacement and internal pressure of the right air spring while in dashed red line the results of the numerical model are represented. The numerical results are in good agreement with the experimental data, although in this test the mathematical model seems to slightly underestimate the air flow during the deflation of the airspring (16-20s). 
Vehicle Model
To estimate the effect of the airspring active control on the running behavior of the vehicle, the mathematical model of the active pneumatic suspension was introduced in a simplified multi-body model of the vehicle able to represent the vertical dynamics of the vehicle in tangent track.
The model shown in Fig. 8 consists of three rigid bodies representing the carbody and the two bogies. Each body is assigned with two degrees of freedom representing the vertical displacement and pitch rotation.
The movement in forward direction is assigned, considering a constant forward speed V for all bodies. The wheels are assumed to follow the track irregularity waveform, neglecting
the effect of track flexibility and considering the wheels to be always in contact with the rails. The bodies are connected by linear springs and dampers representing the primary suspensions and secondary dampers. Additionally the forces F AL , F AT represent the effect of the active suspensions at the leading and trailing bogie, according to the model of the active suspension defined in section 3.1. The equation of motion of the complete system can be written as
where z is the vector containing the six degrees of freedom of the model and z T represent the vertical displacement of the four wheelset associated to track irregularity. Vector F A collects the forces produced by the active airsprings at the front and rear suspension. Equations (19) are solved in the time domain, by co-simulation with the model of the front and rear active suspension. Based on vehicle's states, the command signals S V for the electro-valves are computed based on (5) and (6), and airspring deflection z A and speed of deflection A z are obtained using trivial kinematic relationships. For each airspring a set of three differential equations (7), (11) and (12) is considered, and the instantaneous value of the airspring force F A is obtained in output, which is applied on the carbody and bogies according to equations (19).
Results of Numerical Simulations
In order to verify the effectiveness of the proposed active suspension in reducing carbody vibrations, numerical simulations in the time domain were performed by means of the mathematical model described in section 3.
The main characteristics of the considered vehicle are summarised in Table 1 . The spatial history of vertical track irregularity used as input to the model was generated starting from the "ERRI low level" Power Spectral Density (PSD) function defined by ERRI B176 Standard, on the basis of random phase combinations. Figure 9 shows the PSD functions of carbody accelerations evaluated in three different positions along the carbody, over the leading bogie, at carbody centre and over the trailing bogie, for the nominal vehicle, i.e. equipped with passive airspring suspensions, and for the vehicle with active suspensions. The considered vehicle speed is 300 km/h. For the vehicle with passive suspensions, the higher level of acceleration is reached over the trailing bogie. In fact, while the acceleration at carbody centre is related only with the bounce motion, over the bogies bounce and pitch motions components combine, the two contributions being almost in counterphase over the leading bogie, and in phase over the trailing one. As a result, in nominal condition the RMS value is 0.248 m/s 2 over the trailing bogie, 0.206 m/s 2 over the leading bogie and 0.134 m/s 2 at carbody centre.
Then, the use of active suspensions as described in section 2 of this paper is considered: the values of the skyhook bounce and pitch damping coefficients are respectively r zSH =100kN/m s -1 and r βSH =7.5 10 6 Nm/rad s -1 . These values were defined considering the limitation on the maximum flow rate of the adopted servo-valve. As shown in Fig. 9 , the adoption of active suspensions leads to a significant reduction of carbody oscillations, especially over the trailing bogie. A general reduction of the RMS values is achieved: 0.188 m/s 2 (-9%) over the leading bogie, 0.111 m/s 2 (-17%) at carbody centre and 0.206 (-17%) over the trailing bogie. At least in the frequency range related to the carbody rigid motion, the ride comfort improvement provided by the active suspension is larger than that achievable with semi-active solutions, (7) clearly at the expense of larger air consumption. In order to demonstrate the effectiveness of the active airspring suspension system in reducing carbody vibrations also at lower speeds, Fig. 10 shows the trend with speed of the RMS acceleration at the rear suspension, i.e. the point where the largest amplitude of vibration occurs, as demonstrated in Fig. 9 . The adoption of active suspensions leads to an almost constant reduction of the RMS value over the considered speed range. The drawback of the proposed solution is represented by a much higher air consumption than that of a passive or semi-active suspension. Figure 11 shows the estimated air consumption for one vehicle in l A.N.R./h as function of the vehicle speed. The values reported in the figure are obtained through the post-process of simulation results: the volume of consumed air is obtained as the integral over time of the air flow rate through the intake. In order to reduce air consumption, different control schemes can be adopted, or the damping coefficients can be tuned in a different way. This issue will be addressed in the next steps of the research.
Conclusion
In this paper, active control of airspring secondary suspension is proposed to improve ride comfort associated with the vertical vibration of the carbody in a railway vehicle.
A concept for the active suspension was developed, based on the skyhook damping concept, and a mathematical model for the active suspension was defined and validated against laboratory experiments.
The results of numerical simulations show that the active suspension improves remarkably ride comfort quality with respect to the passive suspension. However, simulation results also show that air consumption is a serious issue for this application, and further research is required to seek control schemes allowing to minimize air consumption, though preserving the good dynamic performance achieved in this study.
Next step of the research will also address the effect of carbody deformability on the performance of the active suspension. 
